The aim of our study was to investigate whether placing of the femoral component of a hip resurfacing in valgus protected against spontaneous fracture of the femoral neck.
Is a valgus position of the femoral component in hip resurfacing protective against spontaneous fracture of the femoral neck?
The aim of our study was to investigate whether placing of the femoral component of a hip resurfacing in valgus protected against spontaneous fracture of the femoral neck.
We performed a hip resurfacing in 20 pairs of embalmed femora. The femoral component was implanted at the natural neck-shaft angle in the left femur and with a 10° valgus angle on the right. The bone mineral density of each femur was measured and CT was performed. Each femur was evaluated in a materials testing machine using increasing cyclical loads.
In specimens with good bone quality, the 10° valgus placement of the femoral component had a protective effect against fractures of the femoral neck. An adverse effect was detected in osteoporotic specimens.
When resurfacing the hip a valgus position of the femoral component should be achieved in order to prevent fracture of the femoral neck. Patient selection remains absolutely imperative. In borderline cases, measurement of bone mineral density may be indicated.
A major advantage of hip resurfacing is that it preserves bone stock in the proximal femur for later revision. [1] [2] [3] Other suggested benefits include better stability of the joint and proprioception and a reduced risk of leg-length discrepancy. 2, 4, 5 Although excellent shortand medium-term results are available, there are as yet no long-term survival data. 3, [6] [7] [8] [9] Modern metal-on-metal bearings have eliminated loosening caused by polyethylene wear debris, but other problems persist. 10 Fracture of the femoral neck remains the most common complication of hip resurfacing 3, 9, 11 with an incidence of between 0% and 2.8%. 1, [11] [12] [13] [14] [15] [16] [17] A review of 3497 surface replacements of the hip showed a rate of fracture of 1.91% for women and of 0.98% for men. 17 Most of these occurred spontaneously within four months of surgery 10, [16] [17] [18] rather than as the result of trauma. 13, 15, 17, [19] [20] [21] [22] It has been suggested that these early failures are less influenced by the design of the implant than by patient selection and operative technique. 16 It can be difficult to select the most appropriate patient for resurfacing. Certainly, good bone density and an adequate body mass index and bone geometry are necessary. 23 The surgical procedure is challenging, and the impact of the cementing technique and the final positioning of the implant is, although critical, not yet fully understood.
It has been shown that the orientation of the femoral component strongly influences the risk of fracture of the femoral neck. 17, 19, [24] [25] [26] Common sense dictates that a varus placement will give a poor result and should be avoided, 24, 27 but the best position remains uncertain. In one study it was placed in maximum valgus, 28 while in others a fixed centre column diaphysis (CCD) angle of 140° was chosen. 19 Some defined the target CCD angle as any valgus position compared with the pre-operative CCD angle. 20, 22, 26 The reason for this seemingly random target position was based on a small number of biomechanical studies dealing with the implantshaft angle. 29 No study has simulated spontaneous fracture of the femoral neck after hip resurfacing. It is therefore unclear whether valgus placement of the femoral component protects against fractures of the femoral neck.
We have examined the response of surface replacement to cyclical stress and to everyday occurrences, such as stumbling, to determine whether a valgus placement of the femoral component protected against spontaneous fracture of the femoral neck.
Materials and Methods
A total of 20 pairs of formalin embalmed human femora were obtained from the Department of Anatomy of the University of Cologne. Their mean storage time was 56.2 weeks (40 to 74, Table I ). We excluded those with previous surgery of the hip or leg, known cancer, systemic disease affecting bone metabolism and infection.
The mean age of the cadavers from which the femora had been harvested was 71 years (50 to 86). There were 14 men and six women. One specimen pair (specimen 17) was excluded because of cancer of the femoral shaft. Another was rejected because of a large cyst in the femoral head (specimen 15) and one was fractured during milling (specimen 11). Two pairs were used to establish the biomechanical procedures (specimens 16 and 20) . The remaining 15 pairs were used for biomechanical testing. First CT. We obtained CT scans (Philips Mx8000 IDT16, Eindhoven, The Netherlands) of each pair of femora and reconstructed them in three dimensions. Because the projected and real CCD angles differed, anteversion of the femoral neck was measured and the femora were virtually rotated to allow measurement to be made parallel to the femoral neck. The CCD angle was measured between the anatomical axis of the femoral shaft and a line joining the centre of rotation of the hip to the mid-point of the smallest diameter of the femoral neck.
Measurement of bone mineral density (BMD).
Each specimen was tested using dual-energy x-ray absorptiometry (DXA; Hologic QDR-2000, Bedford, Massachusetts). The BMD of the femoral neck was measured and the T-score calculated. Any difference between the paired femora was identified. The specimens were then divided into those with a normal BMD (T ≥ -2.5) and those which were osteoporotic (T < -2.5). Operative technique. All implantations were performed by the senior authors (CS, JN) each of whom implanted half the total number of prostheses using computer navigation (Ci-Hip essentials 2.0.1; DePuy, Leeds, United Kingdom). In order to establish co-ordinates on the femur for real-time tracking during the procedure, a 5 mm pin was placed in the distal femur to which the optical unit was attached. The medial and lateral epicondyles, the lateral mid-neck point and the intended cap edge were registered using the navigation pointer as were point clusters on the femoral head and the superior, inferior, ventral and dorsal aspects of the femoral neck. The model automatically generated by the computer navigation device system was checked for accuracy. Thereafter, the target position of the femoral implant was adjusted by the surgeon. The left-sided prostheses were adjusted in the direction of the natural CCD angle and anteversion of the femur. The right-sided prostheses were placed in 10° of valgus which reflected the natural CCD angle and anteversion. The smallest possible femoral component was chosen for each pair of femora and both sides received the same size of implant.
A 2.4 mm guide wire was inserted into the femoral head and neck using a navigated drill guide. Navigated depth drilling was performed, after which the femoral head was prepared using the standard instrumentation. The stem was overreamed to prevent load transfer through it. High-viscosity cement (Smartset; DePuy) was finger-packed on to the reamed head and manually pressed into the trabecular bone after which the implant (ASR; DePuy) was inserted. If the planned implantation depth was not reached manually, the femoral component was carefully impacted with a 50 g hammer in an attempt to avoid microfractures. Each femoral head was photographed before and after implantation of the prosthesis. Second CT. CT scans of each specimen were taken again and three-dimensional reconstructions obtained. The anteversion of the implant was measured and the virtual model again rotated to correct the discrepancy between it and the specimen. The real implant-shaft angle and femoral offset were measured in the coronal plane parallel to the femoral component. Biomechanical testing. In the early period after hip resurfacing, most patients walk exerting only minimal or partial stress on the operated leg. In order to imitate the gradual increase in stress which occurs throughout the recovery period, these experiments exerted increasing cyclical loads. Biomechanical evidence has suggested that, during stumbling, the forces across the hip peak at roughly nine times the body-weight. 30 A standard bodyweight of 70 kg (approximately 700 N) was assumed and a reasonable upper force limit of 6300 N (9 × 700 N) applied. Since the periods of increasing and decreasing force only last approximately 0.5 seconds in vivo, 30 31 each specimen was transected distally at an angle of 10° to the anatomical axis of the shaft using the intramedullary instrumentation from a total knee replacement. Compression was applied vertically (Fig. 1 ). Each specimen was tested using an identical study protocol. Cyclical testing started with 700 N for 2000 cycles. Thereafter, the compressive load was increased incrementally Testing ceased if a fracture occurred. All the data were stored by the computer for later analysis. After fracture, each specimen was photographed and the fracture pattern, as classified by Morlock et al, 16 identified.
Statistical analysis.
No power analysis was performed. The Wilcoxon signed ranks test for related samples and the Mann-Whitney U test for independent samples were carried out to determine significance (p = 0.05). Correlations were evaluated using Pearson's correlation coefficient with significance set at p = 0.05. The software SPSS version 16.0 for Windows (SPSS Inc., Chicago, Illinois) was used for statistical analysis.
Results

BMD.
Six pairs of femora were osteoporotic with a T-score below -2.5. There was no significant difference in the BMD between the right and left side for each pair (Wilcoxon signed ranks test, p = 0.244). A summary of the characteristics of each specimen pair is shown in Table I . Operative procedure and second CT. In each case implantation was achieved without notching the femoral neck or leaving reamed cancellous bone uncovered by the femoral component. CT scans verified the natural CCD angle and the final position of the implant (Table II) . In one pair (specimen 7) navigated implantation resulted in valgus malpositioning of both prostheses. The mean natural difference between the pre-operative CCD angle and the post-operative implant-shaft angle in the left-sided specimens was 0° of valgus (1° varus to 3° valgus). The mean difference for the right-sided specimens was 10° of valgus (SD 3). The mean difference between the sides of each pair was 11° (8° to 13°). Valgus placement reduced the femoral offset by a mean of 2.2 mm (-7.4 to 3.1, p = 0.03) when compared with the neutral side. Biomechanical testing. Every femoral neck fractured during cyclical testing. The number of cycles to failure and the stress applied correlated with the BMD (Pearson's correlation coefficient 0.807, p < 0.01). A significant difference Photograph showing the experimental set-up. The femur was placed in a position of 10° of valgus in the hydraulic testing machine and cyclical loads were applied vertically. The load cell was installed above the specimen.
was apparent between osteoporotic and non-osteoporotic bones (mean cycles to fracture for 10° of valgus; 4460 cycles (1 to 9638) with osteoporosis, 13 518 cycles (9605 to 19 206) without osteoporosis, p = 0.003; Table III Fig. 2 ). The pattern of these fractures was described as 'edge-to-out' (Fig. 3) . The specimen with valgus malpositioning (specimen 7) was highly resistant to repetitive stress. The left femur in 13° of valgus fractured after 27 051 cycles and the right in 24° of valgus, after 69 070 cycles.
Specimens with low BMD and valgus placement of the femoral component were less resistant to fracture of the neck. The number of cycles to fracture decreased from 6784 with a neutral femoral component to 4460 for those in valgus (Wilcoxon signed ranks test, p = 0.043, Fig. 4 ). Only one (specimen 6) was an 'edge-to-out' fracture. The others were classified as 'edge-to-edge' (Fig. 3) .
A summary of the material testing data is given in Table III .
Discussion
Fracture of the femoral neck is the most common complication of hip resurfacing. 3, 9 It is essential to understand why it occurs given its reported incidence of up to 2.8%. 1, [11] [12] [13] [14] 16, 17, 32 Previous studies have found differences in the pattern of fracture depending on the time interval between surgery and fracture, distinguishing between early failure which occurs within four months of surgery, and late failure. 16 Late fractures were shown to have two phases. 3, 10, 16 It was thought that excessive trauma at the time of implantation might cause microfracture within the head of the femur. After initial healing, a pseudarthrosis could develop and lead to a gradual loosening of the component rather than a sudden fracture. 10 Our study has concentrated on fractures of the femoral neck which occur in the first four months after surgery. It is likely to depend on factors related to patient selection, biomechanics and surgical technique. 3 The most critical step of the operation is likely to be the siting of the femoral component. Clinical studies have shown that a low implant-shaft angle is associated with a poor outcome. 24 A large Australian study which reviewed fracture of the femoral neck after hip resurfacing, found that the femoral component had been implanted in varus in 71% of the fractures. 17 None had been implanted in valgus. The high incidence of fracture is probably related to a doubling of the tensile stress across the upper part of the neck of the femur after resurfacing. 29 Two finite-element studies have shown that placing the femoral component in valgus reduces the peak stress at this point. 25, 26 Despite this, there are no consistent suggestions as to the optimal implant-shaft angle because there have been few biomechanical studies. 19, 20, 26, 28, 29 Analysis of recently published studies, suggests that most fractures occur spontaneously rather than as a result of trauma. 5, 12, 13, 15, 21, 22 A total of 21 of 50 fractures (42%) in the series were atraumatic. 17 To the best of our knowledge there have been no biomechanical studies of spontaneous fractures of the neck of the femur after hip resurfacing to date.
We have shown that placing the femoral component in 10°o f valgus protects the femoral neck from cyclical stresses in patients with good BMD. That they all failed with an 'edgeto-out' fracture pattern suggests that the biomechanical event is reproducible and can simulate the type of neck fracture which occurs within a few weeks of surgery. 16 Surprisingly, in specimens with poor BMD placing the femoral component in valgus reduced the resistance to cyclical loads and the neck fractured with an 'edge-toedge' pattern despite having minimised any trauma to the femoral head and neck during implantation. On studying the video data, some specimens showed signs of decreased stiffness of the inferomedial portion of the femoral neck which failed slowly in compression producing an 'edge-toedge' fracture. By contrast, all specimens of good bone quality failed suddenly as an edge-to-out fracture. There were no fractures which began at the medial neck. Biomechanical analysis has shown that by placing the femoral component in valgus the strain on the upper part of the femoral neck is decreased, but is increased in the lower part. 26 In our study only the osteoporotic specimens failed in this region. We therefore hypothesise that the adverse effect of a valgus component in osteoporotic bone can be explained by the diminished resistance of osteoporotic bone in the inferior part of the femoral neck to repetitive compressive stresses.
Throughout our study we attempted to minimise any change in femoral offset since we thought that this might influence fracture stresses. Unfortunately, placing the femoral component in valgus usually reduces the femoral offset 33 in this case by a mean of 2.2 mm (-7.4 to 3.1). Despite this, the protective effect of a valgus position could not be attributed to the decrease in femoral offset, since several specimens showed this protective effect despite an increased offset. Furthermore, there was no correlation between offset and the number of cycles to fracture.
Careful interpretation of our data is required since the fractures were examined in vitro. It has been shown that the biomechanical properties of embalmed and fresh bone do not differ significantly. 34 We confirmed that there was no correlation between the storage time of the embalmed specimens and the number of cycles to fracture. In addition, each specimen pair acted as its own control, thereby diminishing any possible effect of the embalming process. Hence, the embalming process should not have falsified the results. However, no healing was possible after implantation as would have been the case in an in vivo study. In the normal subject loads are not applied repetitively with a constant frequency and fixed direction of force, but our study clearly showed that, for all specimens of normal BMD, valgus placement improved the stress resistance. Furthermore, these results agree with a recently published study by Anglin et al 20 which examined the effect of placement of the implant in valgus on fracture of the femoral neck using a single load to fracture and a notched femoral neck. They reported an increase in failure stress of 28% for a 10° valgus placement of the femoral component in samples with good bone quality. Their study, however, showed no adverse effect of valgus placement in specimens of poor bone quality. This difference could be rooted in the fundamental difference between transient and dynamic testing. It may be that osteoporotic bone is less resistant to repetitive compressive stress on the medial femoral neck.
All the prostheses were implanted as planned. Furthermore, the number of load cycles to failure varied between Photograph showing fracture patterns. All specimens with a normal bone mineral density failed as 'edge-to-out' fractures (right) and most of the femora with a low bone mineral density as 'edge-to-edge' fractures (left at front). different specimen pairs. Hence, no quantitative relationship between cycles to fracture and optimal implant-shaft angle could be determined. Further biomechanical studies using dynamic methods will be required. The fact that our study protocol used increasing cyclical loads may complicate statistical analysis. Unfortunately, our preliminary biomechanical testing showed that the cyclical fracture loads of the specimens differed between 700 N and 7000 N. The aim of our study was the simulation of cyclical loading conditions with an identical study protocol for all specimens and thus increasing loads were necessary. Despite this, all our specimens were tested using an identical study protocol and each pair of specimens acted as its own control. Hence we believe that the increasing loads did not influence the analysis of our results.
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